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Introduction {#sec001}
============

Osteoarthritis (OA) affects more than 20% of the population over age 60 and is a significant cause of disability for millions of people. The precise cellular mechanisms that drive OA progression are not fully understood; however, it is clear that events in all three compartments--cartilage, bone, and synovium--play important roles in the initiation and progression of OA. The analysis of the molecular mechanisms underlying dysregulation of cartilage homeostasis and alteration of subchondral bone in OA can provide important insights, and lead to novel strategies for disease-modifying treatments and joint repair. Periostin (Postn), a TGFβ-inducible, ECM protein, also known as Osteoblast-Specific Factor 2 (OSF2), is expressed in multiple joint compartments (cartilage, subchondral bone, meniscus, ligaments, and osteophytes) \[[@pone.0231501.ref001]--[@pone.0231501.ref005]\]. Our previous studies have shown that Postn is overexpressed in human OA cartilage and surgical models of OA in rodents (MM, ACL, and ACL/PM) \[[@pone.0231501.ref001]\]. These findings suggest that Postn, first reported by us to be upregulated in human OA, plays a role in the pathogenesis of OA, where it exerts catabolic effects in cartilage. Furthermore, Postn also plays a role in tissue repair. Insufficient levels of Postn result in impaired tissue remodeling \[[@pone.0231501.ref006]\], whereas elevated expression of Postn is associated with chronic diseases such as liver fibrosis, atherosclerotic and rheumatic cardiac valve degeneration, as well as OA \[[@pone.0231501.ref007]--[@pone.0231501.ref009]\].

The nature of Postn receptor(s) in chondrocytes is unknown. A recent study reported that Postn interacts with discoidin domain receptor 1 (DDR1), a collagen-binding receptor in myofibroblasts, and promotes lysyl oxidase expression \[[@pone.0231501.ref008], [@pone.0231501.ref010]\]. DDR1, a type I transmembrane protein with a cytoplasmic C-terminal tyrosine kinase domain, undergoes ligand-induced autophosphorylation, with maximal activation (phosphorylation) achieved hours after ligand binding \[[@pone.0231501.ref011]\]. DDR1 and the closely related DDR2 are expressed in chondrocytes, and both DDR1 and DDR2 bind collagen \[[@pone.0231501.ref012]\]. Upon collagen-binding, DDR1 dimerizes, with autophosphorylation of tyrosine-residues and activation of downstream signaling pathways, including p38, ERK1/2, and JNK MAP kinases, as well as PI3 kinase-AKT \[[@pone.0231501.ref013], [@pone.0231501.ref014]\] and Wnt/β-catenin signaling \[[@pone.0231501.ref015]\]. Since DDR1 is a putative binding partner of Postn and can activate inflammatory signaling pathways \[[@pone.0231501.ref016]--[@pone.0231501.ref018]\], we investigated the involvement of the Postn---DDR1 interaction in cartilage degeneration.

Materials and methods {#sec002}
=====================

Reagents {#sec003}
--------

All media and FBS were purchased from Thermo Fisher Scientific (Waltham, MA); proMMP-13 enzyme-linked immunosorbent assay (ELISA) kits from R&D systems (Minneapolis, MN); Phosphatase Inhibitor Cocktail \[\#5870; Cell signaling, Danvers, MA, USA\] and protease inhibitor cocktail (\#539131, Calbiochem, San Diego, CA, USA); The Wnt signaling inhibitor CCT031374 hydrobromide (cat. no. 4675/10, R&D Systems, Minneapolis, MN), antibodies to β-Catenin (D10A8; XP® Rabbit mAb \#8480), α-Tubulin (11H10; Rabbit mAb\#2125), Akt (\#9272); Phospho-Akt (Ser473) (193H12; Rabbit mAb \#4058), Phospho-DDR1 (Tyr792; \#11994) and total DDR1 (D1G6; XP® Rabbit mAb \#5583) from Cell Signaling Technology (Danvers, MA 01923); the antibodies to human Phospho-DDR2 (Y740; \#1119D) and human DDR1 (AF2538) from R&D system (Minneapolis, MN); HRP-conjugated rabbit anti-goat (\#305-036-047), HRP-conjugated goat anti-rabbit (\#111-035-144), AffiniPure goat anti-human lgG, F(ab')2 fragment specific (\#109-005-097) and peroxidase affinipure goat anti-human lgG(H+L; \#109-035-088) from Jackson ImmunoResearch (West Grove, PA, USA). Human DDR1-full length \[[@pone.0231501.ref019]\] and DDR1-Fc \[[@pone.0231501.ref020]\] were kind gifts from Dr. Friedemann Kiefer, Max Planck Institute for Molecular Biomedicine, Germany, and from Birgit Leitinger, National Heart and Lung Institute, Imperial College London, London UK, respectively.

Procurement of human cartilage {#sec004}
------------------------------

Tibial and femoral knee articular cartilage was obtained from patients with advanced OA (age 50--70 yrs.) undergoing knee replacement surgery at NYU Langone Orthopedic Hospital. The patients had been free of non-steroidal anti-inflammatory drugs for at least two weeks before surgery. A certified pathologist inspected the cartilage for gross morphology prior to chondrocyte isolation. All specimens exhibited large areas of thinning of the cartilage, granularity, and focal eburnation of the underlying bone. Thus, the cartilage in our studies was heterogeneous with respect to the OA disease stage. Their use in the de-identified form in the current research was in accordance with the ethical standards of the Helsinki Declaration of 1975, as revised in 2000, and was approved (\#i9018) by the institutional review board (IRB) of the NYU School of Medicine. The ethics committee waived the requirement for informed consent. The surgical discards from knee replacement surgery were obtained for human chondrocyte isolation and cartilage for histology and immunohistochemistry (IHC) studies.

*Ddr1* knock out mice {#sec005}
---------------------

*Ddr1*^*-/-*^ mice were kindly provided by Dr. Edward Skolnik \[[@pone.0231501.ref021]\] (NYU School of Medicine). Ddr1^-/-^ and wt mice were maintained on a C57BL6 background, and heterozygote (Ddr1^+/-^) males and females were bred to produce wild type (wt) and Ddr1 knockout (Ddr1^-/-^) littermates for analysis. The mice were fed standard pelleted chow and allowed access to water ad libitum. Mice were euthanized by CO~2~ inhalation and cervical dislocation, and joint tissues were harvested at 10--12 weeks for chondrocyte isolation. All animals were used in accordance with scientific, humane, and ethical principles and compliance with regulations approved by the New York University School of Medicine Institutional Animal Care and Use Committee (IACUC). Genotyping performed using genomic DNA isolated from mouse tail biopsies using the following primers: Primer 1, `GCAGCGCATCGCCTTCTATC`, and primer 2, `AGACAATCTCGAGATGCTGG`, to amplify the wild-type allele, generating a 250-bp PCR product; Primer 3, `GTTGCGTTACTCCCGAGATG` and primer 1 to identify the mutant allele, amplifying a 160-bp PCR product.

OA chondrocyte culture {#sec006}
----------------------

Human OA chondrocytes were harvested from discarded end-stage knee OA cartilage as described \[[@pone.0231501.ref001]\]. Briefly, cartilage slices were minced finely and digested with 0.2% collagenase for 12--16 h in Ham's F12 medium supplemented with 5% FBS. The resulting cell suspension was seeded into T175 flasks and allowed to grow for 48 h. In all experiments, primary chondrocytes used between passage 1 and 2, plated at 80% confluence in 6- or 12- or 24-well plates.

Mouse chondrocyte isolation {#sec007}
---------------------------

Cultures of murine chondrocytes were established by a modification of the method described \[[@pone.0231501.ref022], [@pone.0231501.ref023]\]. Mouse primary articular chondrocytes from 10-12-week old mice were isolated from four mice for each genotype (approximately 5 x 10^6^ cells) and were grown in DMEM containing 10% FBS and antibiotics. Passage-1 or -2 chondrocytes were used in all the experiments. The experiments were repeated at least twice, with cells isolated from different sets of animals. We also confirmed the chondrocyte phenotype by determining type I and II collagen and aggrecan expression, as well as the ratio between type II and I collagen levels by qRT-PCR. Cells were grown in 12--well plates were also stained with Alcian blue to confirm the chondrocyte phenotype.

Measurement of proMMP-13 protein and activity {#sec008}
---------------------------------------------

Secreted MMP-13 levels were measured in the cell-conditioned medium of monolayer cultures by an ELISA kit from R&D Systems (Minneapolis, MN). To measure MMP-13 activity, the culture supernatant was incubated with Assay Buffer \[50 mM Tris.Cl (pH7.5), 10 mM Cacl2, 150 mM NaCl, 0.05% Brij35\] and APMA (p-aminophenylmercuric acetate) for two hours at 37^o^ C. APMA-activated samples (20 μL) were incubated with the MMP-13-specific fluorogenic substrate, MOCAc-Pro-Cha-Gly-Nva-His-Ala-Dap (DNP)-NH2 (Peptide International, Louisville, KY) at 37^o^ C for one hour, and the fluorescence was measured with a Synergy HT microplate reader at 360/40 nm (excitation) and 460/40 nm (emission). Recombinant pro-MMP-13 (R&D) was used as a positive control and for generating a standard curve.

Transient transfection {#sec009}
----------------------

C28/I2 chondrocytes (a human chondrocyte cell line kindly provided by Dr. Mary B. Goldring, Hospital for Special Surgery, New York, NY, USA) were seeded in 10-cm dishes at 80% confluency in DMEM supplemented with 10% FBS, and transfected with 10 μg of the full-length Postn and/or DDR1-Fc cDNAs described under Reagents, using the TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI, USA) in Opti-MEM. After 24 h, the medium was changed to serum-free DMEM. Twenty-four to 48 h post-transfection, the cells were lysed for immunoprecipitation (IP).

Adenovirus transduction {#sec010}
-----------------------

Mouse or human chondrocytes seeded at 70% confluency were grown for 24 h in DMEM supplemented with 10% FBS. After replacing the medium with fresh medium, the cells were transduced with control, empty adenovirus (ad-CMV-Null)\#1300) or a mouse Postn-encoding adenovirus (Ad-m-Postn; \#ADV-269083; (Vector Biolabs, Malvern, PA, USA) at MOI = 100 for four hours, after which the medium was changed to serum-free medium. Twenty-four-hours post-transduction, the cells, and supernatants were collected for the MMP-13 activity assay, and the cells lysed in TRIzol for RNA extraction.

Western blotting and immunoprecipitation {#sec011}
----------------------------------------

Cells were lysed with RIPA buffer containing a phosphatase and protease inhibitor cocktail. Cell protein (30--40 μg) was used for Western blotting analysis as described \[[@pone.0231501.ref001], [@pone.0231501.ref024]\]. C28/I2 cells seeded at 80% confluency were grown overnight in DMEM supplemented with 10% FBS, and then starved for 24 h in serum-free medium. The cells were then transfected with DDR1-Fc and/or Postn cDNA as described \[[@pone.0231501.ref001]\]. After 24--48 h, the cells were washed with cold PBS and lysed with RIPA buffer containing phosphatase and protease inhibitors. One milligram of cell extract protein was mixed with 10 μl Protein A & G Sepharose (Sigma-Aldrich) and 10 μl anti-Postn (Sigma-Aldrich) or anti-DDR1 antibodies (Cell Signaling), or with control IgG for 24 h at 4° C. Antigen-antibody complexes were then analyzed by Western blotting as described above.

RNA extraction and qRT-PCR analysis {#sec012}
-----------------------------------

Total RNA was extracted from chondrocyte cultures using TRIzol, precipitated with isopropanol, and further purified using the micro RNeasy column cleanup kit (Qiagen) following the manufacturer's instructions. One microgram of RNA was used for cDNA synthesis using the Advantage® RT-for-PCR Kit (Takara Bio USA, Inc. Mountain View, CA). Pre-designed TaqMan primer sets were purchased from Thermo Fisher Scientific (Waltham, MA USA). Real-time PCR was run in an Applied Biosystems Prism 7300 sequence detection system. Messenger RNA levels were normalized to GAPDH and 18S mRNA, and the relative expression levels of various transcripts were calculated using an approximation method or the 2 delta CT method \[[@pone.0231501.ref025]\].

Densitometry {#sec013}
------------

Quantitative analysis of Western blot bands was performed with ImageJ 1.52a software (National Institutes of Health). The results are presented as the fold change between the reading of the sample and that of the corresponding loading control.

Statistical analysis {#sec014}
--------------------

All the experiments were done with three to four chondrocyte cultures from individual OA patients, and each sample was assayed in duplicate or triplicate. The data are expressed as mean ± standard deviation (m ± SD). The non-parametric Mann-Whitney test was used to calculate p values. For the analysis of the experiments with AdCon or AdPostn and the DDR1 inhibitor 7rH, one-way ANOVA was performed with multiple testing using Prism 7 (GraphPad). P values \<0.05 were considered statistically significant.

Ethics statement {#sec015}
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The Institutional Animal Care and Use Committee (IACUC) of the New York University School of Medicine under protocol number IA16-00601 approved all procedures performed in the study.

Results {#sec016}
=======

Expression of DDR1 in human OA and normal cartilage {#sec017}
---------------------------------------------------

We first analyzed DDR1 expression in human OA and normal cartilage. As shown in [Fig 1](#pone.0231501.g001){ref-type="fig"}, DDR1 mRNA expression was comparable in OA and normal cartilage by microarray ([Fig 1A](#pone.0231501.g001){ref-type="fig"}). These data were further validated by qPCR (ct values 26.66 and 26.74 respectively) in different sets of human OA and normal cartilage samples ([Fig 1B](#pone.0231501.g001){ref-type="fig"}), and also by immunohistochemistry ([Fig 1C](#pone.0231501.g001){ref-type="fig"}) of lesional (damaged) and non-lesional areas (preserved) of the cartilage from the same patient. Thus, DDR1 is not differentially expressed in OA relative to age-matched, normal, or preserved cartilage.

![Elevated expression of Postn but not DDR1 in OA cartilage.\
**A)** Gene array analysis. Total RNA was isolated from six pools of normal and OA cartilage. For each pool, 5--10 individual cartilage samples (1 g each) were pooled. RNA was hybridized against human U133A arrays. After normalization, DDR1 expression was expressed in arbitrary units. **B)** qPCR analysis of DDR1 mRNA in 10 normal and 12 OA cartilage specimens from human knee joints. Mean (SD) are shown. The non-parametric Mann-Whitney test determined statistical significance. **C)** Immunohistochemical analysis of lesional (damaged) and non-lesional (preserved) OA knee cartilage shows cell- and ECM-associated Postn in lesional areas, whereas DDR1 is cell-associated. OA knee cartilage from a total knee replacement was sectioned and stained for Postn and DDR1 with Vectastain reagents (Vector Laboratories, Burlingame, CA, USA).](pone.0231501.g001){#pone.0231501.g001}

DDR1---Postn interaction {#sec018}
------------------------

To investigate whether Postn binds to DDR1 in chondrocytes, we performed co-immunoprecipitation (co-IP) experiments with anti-Postn and DDR1 antibodies using primary OA chondrocytes. As shown in [Fig 2](#pone.0231501.g002){ref-type="fig"}, DDR1 and Postn co-immunoprecipitate, showing the presence of DDR1---Postn complexes in human primary chondrocytes.

![Co-immunoprecipitation of DDR1-Postn complexes in human chondrocytes.\
**A**: Western blotting analysis of immunoprecipitates from primary human OA chondrocytes. No antigens are seen in the non-immunoprecipitated cell lysate (lysate) because their concentration is too low. **B:** Co-immunoprecipitation of DDR1/Postn complexes in human chondrocyte C28/I2 cells. A representative Western blot of immunoprecipitates from chondrocytes is shown. Purified DDR1 and DDR2 proteins were loaded as a positive control.](pone.0231501.g002){#pone.0231501.g002}

In primary chondrocytes, the level of Postn expression was too low relative to DDR1. Therefore, we took an alternative approach to verify the Postn---DDR1 interaction using the human chondrocyte cell line C28/I2. We transfected C28/I2 cells with a pDDR1-Fc fusion protein construct and with a plasmid expressing human pPostn and analyzed them by IP 24--48 h later. As shown in [Fig 2](#pone.0231501.g002){ref-type="fig"}, the results of these co-IP experiments showed that Postn forms complexes with DDR1 but not with DDR2.

DDR1 inhibition abrogates postn induction of MMP-13 expression {#sec019}
--------------------------------------------------------------

We next examined the effect of DDR1 inhibition on Postn induction of MMP-13 expression. As shown in [Fig 3](#pone.0231501.g003){ref-type="fig"}, human primary OA chondrocytes constitutively express MMP-13 mRNA and protein, which were strongly upregulated following transduction with adenovirus encoding human Postn (Ad-hPostn). The addition of the synthetic DDR1 inhibitor 7rh to the culture medium dose-dependently inhibited this effect. As expected, based on our previous results \[[@pone.0231501.ref001]\], Wnt signaling inhibition significantly blocked Ad-hPostn-induced expression of MMP-13. We next investigated the effect of Postn on DDR1 and DDR2 phosphorylation. As shown in [Fig 4A](#pone.0231501.g004){ref-type="fig"}, Postn induced DDR1 but not DDR2 phosphorylation without affecting the total levels of either protein.

![The DDR1 inhibitor 7rh inhibits the Adenovirus-mediated induction of MMP-13 expression of human Postn (Ad-hPostn) in human OA chondrocytes.\
Human OA chondrocyte cultures were pre-incubated in the presence or absence of DDR1 inhibitor (7rh; 100--1000 nM) for 16 h before Ad-hPostn or AdCon virus (MOI = 100) was added to the cultures. Total RNA was isolated 24 h post-transduction to measure MMP-13, and GAPDH expression (A). The supernatant was used to determine MMP -13 levels by ELISA (. Mean ± SD of triplicate samples are shown. 1-way ANOVA determined significance with the post-Bonferroni multiple comparison test. P \<0.05 was considered significant. DDR1 and wnt signaling inhibition reduced MMP-13 expression.](pone.0231501.g003){#pone.0231501.g003}

![DDR1 kinase mediates Postn activation of AKT and β-catenin signaling in human chondrocytes: **A: Postn induces DDR1 but not DDR2 phosphorylation. Upper panel:** Western blotting analysis of phosphorylated (p) and total (t) DDR1 and DDR2 in human chondrocytes treated with Postn (5 μg/ml) for the indicated times. Total DDR1 and DDR2, are shown as loading controls. A representative Western blot is shown. Lower panel: densitometric analysis of two similar Western blots. The columns represent the densitometric readings of the indicated bands normalized to those of the corresponding loading controls. **B: Postn activates AKT and β-catenin signaling.** Upper panel: Western blotting analysis of AKT and β-catenin activation in human articular chondrocytes treated with Postn (5 μg/ml) for the indicated times. A representative Western blot of two independent primary human chondrocyte cultures is shown. Lower panel: densitometric analysis of two similar Western blots. The columns represent the densitometric readings of the indicated bands normalized to those of the corresponding loading controls. **C: Inhibition of DDR1 kinase blocks Postn induction of AKT and β-catenin signaling.** Western blotting analysis of AKT phosphorylation (pAKT473) and β-catenin levels in human articular chondrocytes treated with Postn (5 μg/ml) in the presence or absence of the DDR1 inhibitor 7rh (1 μM) for the indicated times. Pan AKT and 4E-BP1 are shown as loading controls. A representative blot of two independent chondrocyte cultures is shown. \*p\<0.05 versus control.](pone.0231501.g004){#pone.0231501.g004}

DDR1 --ß-catenin mediates postn signaling in chondrocytes {#sec020}
---------------------------------------------------------

We have previously shown that inhibition of the Wnt signaling pathway blocks the Postn-induction of MMP-13 expression in OA chondrocytes \[[@pone.0231501.ref001]\]. Therefore, we investigated whether DDR1- Postn interaction activates AKT-ß-catenin signaling in human OA chondrocytes. Western blotting analysis of phosphorylated DDR1 and AKT, and of total β-catenin showed that treatment of human OA chondrocytes with Postn (5 μg/ml) induced DDR1 and AKT phosphorylation and increased β-catenin levels in a time-dependent manner ([Fig 4B](#pone.0231501.g004){ref-type="fig"}). Furthermore, the DDR1 inhibitor 7rh blocked Postn induction of AKT phosphorylation and decreased β-catenin level ([Fig 4C](#pone.0231501.g004){ref-type="fig"}), showing that Postn activation of DDR1 leads to β-catenin signaling and MMP-13 expression in human chondrocytes.

Since Postn interaction with αvβ3 and αvβ5 integrins activates downstream signaling in bone and other cells \[[@pone.0231501.ref026]--[@pone.0231501.ref028]\], we also tested the effect of neutralizing antibodies to αvβ3 (LM609) or αvβ5 (P1F6) on chondrocyte expression of MMP-13. Neither antibody blocked Postn induction of MMP-13 expression or activity (data not shown).

Postn dost not induce MMP-13 expression in *Ddr1* deficient chondrocytes {#sec021}
------------------------------------------------------------------------

To investigate whether receptors other than DDR1 can mediate Postn induction of MMP-13 expression, we examined the effect of Postn on MMP-13 expression in *Ddr1*-deficient mouse chondrocytes.

For this purpose, we isolated chondrocytes from *Ddr1*^*-/-*^ and *Ddr1*^*+/+*^ (wt) mice. Adenovirus-mediated overexpression of mouse Postn (Ad-mPostn; Vector Labs) increased MMP-13 expression ([Fig 5A](#pone.0231501.g005){ref-type="fig"}), and activity ([Fig 5B](#pone.0231501.g005){ref-type="fig"}) in wt chondrocytes but had no such effect in *Ddr1*^*-/-*^ chondrocytes. However, expression of exogenous human DDR1 (hDDR1) rescued MMP-13 expression in Ddr1^-/-^ chondrocytes ([Fig 5B](#pone.0231501.g005){ref-type="fig"}). In hDDR1-transfected wt cells, MMP-13 activity increased in both control and Ad-mPostn transduced cells. Conversely, Ad-mPostn transduction had no such effect in Ddr1^-/-^ cells. Thus, consistent with our previous results ([Fig 3](#pone.0231501.g003){ref-type="fig"}), these results showed that Postn-dependent MMP-13 expression requires signaling via DDR1.

![DDR1 mediates Postn induction of MMP-13 expression in mouse chondrocytes.\
Mouse chondrocytes were isolated from three *wt and Ddr1* deficient mice, as described in Materials and Methods. Cells were grown in 12-well plates at a density of 5x10^4^ cells/well. Chondrocytes were transfected with human DDR1 (hDDR1) and also transduced with AdCon or Ad-mPostn in triplicate. Cells were lysed 24 h post- adenovirus transduction in TRIzol for RNA isolation, and the supernatant was collected for MMP-13 activity as described in methods. RNA expression was normalized to GAPDH and expressed as relative fold-change to wt non-transfected and -transduced cells. Mean ± SD of triplicate samples are shown. \*: p\<0.05 by 1-way ANOVA; vs. wt hDDR1 transfected or AdCon-transduced cells.](pone.0231501.g005){#pone.0231501.g005}

Discussion {#sec022}
==========

Our results provide strong evidence that the effects of Postn on MMP-13 expression require interaction with DDR1 and activation of the Wnt/β-catenin signaling pathway. Several lines of evidence support this conclusion. First, co-immunoprecipitation experiments show Postn association with DDR1, but not with DDR2. Second, exposure of human chondrocytes to Postn induces DDR1, but not DDR2, phosphorylation. Third, periostin--DDR1 interaction results in AKT activation and increased β-catenin levels. We have previously reported that Postn activates Wnt/β-catenin signaling, and the Wnt signaling inhibitor CCT031374 hydrobromide, which blocks β-catenin stabilization and thus inhibits TCF-dependent transcription, abrogates Postn induction of MMP-13 expression in human chondrocytes \[[@pone.0231501.ref029]\]. In the present study, the DDR1 inhibitor 7rh also blocked Postn-induced MMP-13 upregulation, as well as AKT phosphorylation and β-catenin stabilization. Finally, Postn did not induce MMP-13 expression in *Ddr1*^*-/-*^ chondrocytes.

These findings show that Postn--DDR1 signaling is mediated by β-catenin stabilization, and therefore by canonical Wnt signaling. We propose that activation of β-catenin stabilization is mediated by DDR1 activation of the PI3K-AKT pathway. AKT can stabilize β-catenin by two mechanisms: phosphorylation of β-catenin at Ser^552^ \[[@pone.0231501.ref030]\] and inhibition of glycogen synthase kinase-3 (GSK3) \[[@pone.0231501.ref031]\], which phosphorylates β-catenin, causing its ubiquitination and degradation. Another potential mechanism could consist of AKT upregulation of canonical Wnt growth factors; however, we could not find any such report in the literature.

What is the relevance of these findings to the pathogenesis of OA? Postn has the unique property of stimulating catabolic effects in cartilage while promoting osteogenesis in bone. Postn is produced by multiple joint tissues, including bone, cartilage, ligaments, meniscus, and synovium under normal or injury-induced conditions \[[@pone.0231501.ref029]\]. Karlsson et al. and two other groups have independently shown increased expression of Postn in cartilage and subchondral bone of human OA-affected joints \[[@pone.0231501.ref003], [@pone.0231501.ref004], [@pone.0231501.ref032]--[@pone.0231501.ref034]\]; and elevated levels of Postn have also been reported in human OA synovial fluids, as well as in synovial fluids of anterior cruciate ligament injury patients \[[@pone.0231501.ref035]--[@pone.0231501.ref037]\]. Loeser et al. have reported that Postn expression is elevated in murine knee cartilage and menisci with surgically-induced OA \[[@pone.0231501.ref005]\], and elevated levels of Postn have also been described in the anterior cruciate ligament (ACL), as well as in murine models of surgically-induced post-traumatic OA \[[@pone.0231501.ref001]--[@pone.0231501.ref003], [@pone.0231501.ref005], [@pone.0231501.ref033], [@pone.0231501.ref038], [@pone.0231501.ref039]\]. Furthermore, plasma Postn levels are markedly elevated in post-menopausal women with non-vertebral fractures, even after adjustment for bone mineral density (BMD) \[[@pone.0231501.ref040]\]. Recent studies also reported that Postn levels in synovial fluid correlate with radiographic signs of knee OA \[[@pone.0231501.ref041]\], and that Postn is the only protein whose expression levels significantly correlate with OARSI score, synovitis, and microCT-based bone parameters (e.g., Structure Model Index and trabecular threshold). Postn influences ECM homeostasis, bone remodeling, and OA development \[[@pone.0231501.ref042]\]. Therefore, Postn offers a unique target for OA treatment since it can mediate pathogenic events in both cartilage and bone. Furthermore, we have previously shown that Postn signals via the AKT-Wnt signaling pathway to induce MMP-13 and ADAMTS 4 expression \[[@pone.0231501.ref001]\]. Postn interacts with integrins αvβ3 and αvβ5 to activate downstream signaling in bone and other cells \[[@pone.0231501.ref026]--[@pone.0231501.ref028], [@pone.0231501.ref043], [@pone.0231501.ref044]\]. Postn also promotes macrophage proliferation and polarization \[[@pone.0231501.ref045]\]. Our preliminary qRT-PCR analysis has shown that DDR1 is expressed in normal human and mouse chondrocytes and is not differentially expressed in OA cartilage. The DDR1 inhibitor 7rh blocks constitutive and Postn-induced MMP-13 expression in human chondrocytes with a dose-dependent effect. This inhibitor has 3--4 fold selectivity for DDR1 over DDR2 \[[@pone.0231501.ref046], [@pone.0231501.ref047]\] (currently no DDR2-specific inhibitor is available).

In our in vitro experiments with human chondrocytes, the addition of Postn to the culture medium induced DDR1, but not DDR2, phosphorylation, and the DDR1 inhibitor 7rh blocked AKT phosphorylation and β-catenin stabilization. Ddr1^-/-^ mice were recently found to spontaneously develop osteoarthritis of the temporomandibular joint, suggesting that loss of *Ddr1* and associated increases in Ddr2 may initiate MMP-13 upregulation, resulting in type 2-collagen degradation \[[@pone.0231501.ref048]\]. However, in our in vitro studies, we did not observe increased Ddr2 expression in *Ddr1* deficient chondrocytes (data not shown). Whether Postn-DDR1 interaction also promotes catabolic events in other joint tissues, including synovial proliferation, remains an open question. Postn has been shown to promote liver and adipose tissue inflammation and fibrosis \[[@pone.0231501.ref008], [@pone.0231501.ref049]\].

In conclusion, our data shed new light on the mechanism of Postn induction of catabolic effects in knee joint cartilage. MMP-13 upregulation by Postn requires interaction with and activation of DDR1, which signals via the AKT-Wnt/ β-catenin pathway. Inhibition of Postn signaling through DDR1, therefore, could provide therapeutic opportunities for OA.
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Please remove any funding-related text from the manuscript and let us know how you would like to update your Funding Statement. Currently, your Funding Statement reads as follows:

\"None\"

4\. PLOS ONE now requires that authors provide the original uncropped and unadjusted images underlying all blot or gel results reported in a submission's figures or Supporting Information files. This policy and the journal's other requirements for blot/gel reporting and figure preparation are described in detail at <https://journals.plos.org/plosone/s/figures#loc-blot-and-gel-reporting-requirements> and <https://journals.plos.org/plosone/s/figures#loc-preparing-figures-from-image-files>. When you submit your revised manuscript, please ensure that your figures adhere fully to these guidelines and provide the original underlying images for all blot or gel data reported in your submission. See the following link for instructions on providing the original image data: <https://journals.plos.org/plosone/s/figures#loc-original-images-for-blots-and-gels>.

In your cover letter, please note whether your blot/gel image data are in Supporting Information or posted at a public data repository, provide the repository URL if relevant, and provide specific details as to which raw blot/gel images, if any, are not available. Email us at <plosone@plos.org> if you have any questions.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: No

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: No

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In this report, authors would like to prove the interaction of DDR1 and periostin and its signal in chondrocyte. However, the interaction of DDR1 and periostin and DDR1/periostin-MMP13 signal were already proved in several years ago. It is hard to find new finding.

Here author show that MMP13 was increased when periostin overexpressed chondrocyte cell line, and it is inhibited by DDR1 inhibitor. However, biological meaning of this phenotype is not significant. In OA patient, DDR1 and periostin were not increased by q-PCR and IHC. Actually, periostin and MMP13 increase in OA was reported and recombinant periostin induces DDR1-MMP13 relation was also proved in previously.

Please show us new signaling of periostin-DDR1 or new biological meaning.

Reviewer \#2: Excellent paper with solid evidences deciphering the periostin pathway in chondrocytes, and showing that the pathway is different from bone pathway.

The discussion is very well constructed, with the question raised by the spontaneous OA developped by ddr-/- mice.

Just minors punctuation errors (pg 10 line 12 .,. , and some \"Figure\" instead \"Fig. \")

Reviewer \#3: In a paper previously published in FASEB J in 2015, the authors reported high periostin levels in human and mouse OA cartilage. Gain and loss of function experiments indicated that periostin stimulated MMP13 expression and promoted cartilage degradation. In the present article, they report that periostin induces collagen and proteoglycan degradation by signaling through discoidin domain receptor-1 (DDR1).

They first show that DDR1 mRNA and protein levels are not different between non-lesion and lesion OA, and was cell-associated. In contrast periostin protein was more expressed in OA lesions and was both cell and ECM-associated. Then by performing co-immunoprecipitation, they show in OA chondrocytes and in the C28I2 cell line that DDR1 interacts with periostin. Inhibition of DDR1 with the 7rh molecule blocked the increase in MMP13 levels induced by periostin adenoviral overexpression. Moreover, authors show that periostin activates AKT phosphorylation and increased beta-catenin levels, and that these effects are prevented by inhibition of DDR1. Finally, in chondrocytes from Ddr1 deficient mice, periostin does not increase MMP13 expression and activity further suggesting that periostin signals through DDR1.

This is an interesting article with original results. The results are convincing. However, the methods used and the experimental conditions are insufficiently detailed in the materials and methods section and in the figure legends.

\- Abstract line 16: 2 spaces between DDR1 and is. Several other similar errors throughout the text

\- Introduction: periostin is presented as a TGFb-inducible protein. TGFb is known as an anabolic cartilage GF and periostin catabolic in the context of OA. Can authors explain this apparent opposition?

\- Please indicate whether you used human chondrocytes with several passages or only freshly isolated cells.

\- Please indicate in the legend of figure 3 what corresponds to A or B.

\- Page 11 first sentence: "strongly upregulated" written twice

\- Page 11, first paragraph, last sentence (and figure 3). It is necessary to explain why authors used a wnt inhibitor in this experiment. They also have to explain which Wnt inhibitor was used, at which concentration, and discuss the results (MMP13 levels completely dropped). Is this Wnt inhibitor cytotoxic at the concentration used?

\- Page 11 and Figure 4A: authors should perform densitometric quantification of the bands from several independent experiments and calculate the mean to better analyze DDR1 phosphorylation in response to periostin.

\- Page 11 figure 4B: same remark. The authors have to perform densitometric analyses to fully convince the readers.

\- Page 11 and page 13: authors should explain the molecular link between Akt and b-catenin. Is this activation of b-catenin independent from the canonical Wnt signaling pathway activated by Wnt growth factors?

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

###### 

Submitted filename: 12891_2015_Article_682.pdf

###### 

Click here for additional data file.
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Author response to Decision Letter 0

11 Mar 2020

Dr. Dominique Heymann, Ph.D.

Academic Editor

PLOS ONE

Sub: Submission of revised manuscript - PONE-D-19-33141

Dear Dr. Heymann

Thank you very much for your email of Jan-21-2020 with the reviews of our manuscript "PERIOSTIN INTERACTION WITH DISCOIDIN DOMAIN RECEPTOR-1 (DDR1) PROMOTES CARTILAGE DEGENERATION" (PONE-D-19-33141).

We are very grateful for your decision to allow us to resubmit our revised manuscript. We appreciate that Reviewers 2 and 3 agree with importance our findings on the role of periostin in osteoarthritis.

Please find below our point-by-point responses to the editorial and reviewers' comments, with detailed indication of the changes we made.

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. In the ethics statement in the manuscript and in the online submission form, please provide additional information about the human cartilage used in your study. Specifically, please ensure that you have discussed whether researchers had access to potentially identifying information and/or whether the IRB or ethics committee waived the requirement for informed consent. If patients provided informed written consent to have their discarded cartilage tissue used in research, please include this information.

Response: OA cartilage samples were collected from end-stage knee OA patients undergoing knee replacement surgery at NYU Langone Orthopedic Hospital. Their use in de-identified form in the current study was in accordance with the ethical standards of the Helsinki Declaration of 1975, as revised in 2000, and was approved (\#i9018) by the institutional review board (IRB) of the NYU School of Medicine. The surgical discards from knee replacement surgery were obtained for human chondrocyte isolation and cartilage for histology and Immunohisto-chemistry (IHC) studies. The current study was approved by the Institutional Review Board (IRB) of the NYU School of Medicine, and the ethics committee waived the requirement for informed consent. We have included this information in the Methods section (page no:5; line 7-20).

\- In the Methods, please provide the following information about the mice used in this study: (1) Please state the genetic background of the Ddr1-/- mice; (2) Please provide details of animal welfare (e.g., shelter, food, water, environmental enrichment); (3) Please include the method of euthanasia.

Response: Ddr1-/- and wt mice were maintained on a C57BL6 background, and heterozygote (Ddr1+/-) males and females were bred to produce wild-type (wt) and Ddr1 knockout (Ddr1-/-) littermates for analysis. Mice were fed standard pelleted chow and allowed access to water ad libitum. Mice were euthanized by CO2 inhalation and cervical dislocation, and joint tissues harvested at ages 10-12 weeks for chondrocyte isolation. All animals used in accordance with scientific, humane, and ethical principles and in compliance with regulations approved by the New York University School of Medicine Institutional Animal Care and Use Committee. We have included this information in the Methods section (page no: 6; line 2-10).

Genotyping was performed from 0.5-cm tail snips collected at 14-21 days postnatally. Genomic DNA was isolated from tail tissues and amplified by PCR using primers used to amplify a 159 (using primer 1 & 2) and 250 base pair (bp) product using (primer 2 & 3) from the mouse Ddr1 gene in wt and mutant respectively were: Primer 1:GCAGCGCATCGCCTTCTATC AND Primer 2: AGACAATCTCGAGATGCTGG AND Primer 3: GTTGCGTTACTCCCGAGATG.

3\. Thank you for stating the following in the Acknowledgments Section of your manuscript:

\"Funding for this project was provided by the National Institute of Health grant

AR054817, AR068341, and AR070934. The funders had no role in study design, data

collection, and analysis, decision to publish, or preparation of the manuscript.\"

We note that you have provided funding information that is not currently declared in your Funding Statement. However, funding information should not appear in the Acknowledgments section or other areas of your manuscript. We will only publish funding information present in the Funding Statement section of the online submission form.

Please remove any funding-related text from the manuscript and let us know how you would like to update your Funding Statement. Currently, your Funding Statement reads as follows:

\"None\"

Response: As per the Journal regulation we have removed the funding information from the acknowledgement section. However, we would like to acknowledge the funding sources in in a funding statement as follow: Funding for this project provided by the National Institute of Health grant AR054817, AR068341, and AR070934. The funders had no role in study design, data collection, and analysis, decision to publish, or preparation of the manuscript.\"

4\. PLOS ONE now requires that authors provide the original uncropped and unadjusted images underlying all blot or gel results reported in a submission's figures or Supporting Information files. This policy and the journal's other requirements for blot/gel reporting and figure preparation are described in detail at <https://journals.plos.org/plosone/s/figures#loc-blot-and-gel-reporting-requirements> and <https://journals.plos.org/plosone/s/figures#loc-preparing-figures-from-image-files>. When you submit your revised manuscript, please ensure that your figures adhere fully to these guidelines and provide the original underlying images for all blot or gel data reported in your submission. See the following link for instructions on providing the original image data: <https://journals.plos.org/plosone/s/figures#loc-original-images-for-blots-and-gels>.

In your cover letter, please note whether your blot/gel image data are in Supporting Information or posted at a public data repository, provide the repository URL if relevant, and provide specific details as to which raw blot/gel images, if any, are not available. Email us at <plosone@plos.org> if you have any questions.

Response:

We provided the uncropped images of our Western blots in Supporting Information.

Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1:

In this report, authors would like to prove the interaction of DDR1 and periostin and its signal in chondrocyte. However, the interaction of DDR1 and periostin and DDR1/periostin-MMP13 signal were already proved in several years ago. It is hard to find new finding.

Response: We respectfully disagree with the reviewer's statement. An extensive literature review indicates that ours is the first report to demonstrate that periostin effects are mediated via the DDR1 signaling pathway. Our description of the DDR1/periostin signal is therefore novel, and we would be pleased to include in our discussion prior literature that demonstrates the DDR1 requirement for periostin signaling that the reviewer can provide.

Here author show that MMP13 was increased when periostin overexpressed chondrocyte cell line, and it is inhibited by DDR1 inhibitor. However, biological meaning of this phenotype is not significant. In OA patient, DDR1 and periostin were not increased by q-PCR and IHC. Actually, periostin and MMP13 increase in OA was reported and recombinant periostin induces DDR1-MMP13 relation was also proved in previously.

Response: We respectfully disagree with this reviewer's statement. Periostin is strongly elevated in OA cartilage relative to normal cartilage, as shown by qPCR, Western blotting and ELISA \[1, 2\]. Others have reported elevated expression of periostin in OA synovial fluid and associated with severity \[1-8\]. In our manuscript we do report that DDR1 is not differentially expressed in OA vs. normal cartilage. However, we point out to the reviewer that lack of upregulation of DDR1 per se does not diminish the "biological significance" of the finding as he/she suggests. First, because its "ligand" periostin is upregulated, and second, because signaling molecules need not be upregulated to become activated. We would like to highlight reviewer 3's comments here "This is an interesting article with original results".

Please show us new signaling of periostin-DDR1 or new biological meaning.

Response: In the current study we present evidence that periostin interacts with collagen receptor DDR1 tyrosine kinase receptor and activates the AKT/β-catenin pathway, inducing MMP-13 expression in human and mouse chondrocytes. As noted above, ours is the first report to show that periostin binds to collagen receptor DDR1 and induces MMP-13 expression through this interaction. The "new biological meaning" requested by the reviewer is apparent: this observation elucidates a new signaling mechanism for a periostin, a catabolic ECM molecule implicated in the pathogenesis of OA. Insight into its signaling pathway provides new opportunities for treatment strategies.

Reviewer \#2:

Excellent paper with solid evidences deciphering the periostin pathway in chondrocytes, and showing that the pathway is different from bone pathway.

The discussion is very well constructed, with the question raised by the spontaneous OA developed by ddr-/- mice.

Response: We thank the reviewer for these comments.

Just minors punctuation errors (pg 10 line 12 .,. , and some \"Figure\" instead \"Fig. \")

Response: We thank the reviewer for highlighting these errors, and corrected them all.

Reviewer \#3:

In a paper previously published in FASEB J in 2015, the authors reported high periostin levels in human and mouse OA cartilage. Gain and loss of function experiments indicated that periostin stimulated MMP13 expression and promoted cartilage degradation. In the present article, they report that periostin induces collagen and proteoglycan degradation by signaling through discoidin domain receptor-1 (DDR1).

They first show that DDR1 mRNA and protein levels are not different between non-lesion and lesion OA, and was cell-associated. In contrast periostin protein was more expressed in OA lesions and was both cell and ECM-associated. Then by performing co-immunoprecipitation, they show in OA chondrocytes and in the C28I2 cell line that DDR1 interacts with periostin. Inhibition of DDR1 with the 7rh molecule blocked the increase in MMP13 levels induced by periostin adenoviral overexpression. Moreover, authors show that periostin activates AKT phosphorylation and increased beta-catenin levels, and that these effects are prevented by inhibition of DDR1. Finally, in chondrocytes from Ddr1 deficient mice, periostin does not increase MMP13 expression and activity further suggesting that periostin signals through DDR1.

This is an interesting article with original results.

The results are convincing. However, the methods used and the experimental conditions are insufficiently detailed in the materials and methods section and in the figure legends.

Response: We have revised and updated the Methods section to provide detailed experimental conditions (page nos: 5-7).

\- Abstract line 16: 2 spaces between DDR1 and is. Several other similar errors throughout the text

Response: We would like to thank the reviewer for highlighting these errors. We edited the manuscript accordingly.

\- Introduction: periostin is presented as a TGFβ-inducible protein. TGFβ is known as an anabolic cartilage GF and periostin catabolic in the context of OA. Can authors explain this apparent opposition?

Response: Multiple lines of evidence show that TGF-β signaling acts as a double edge sword in healthy and OA joint tissues \[9\] . 1). TGF-β signals via multiple pathways. Different TGF-β receptors control different downstream signals: ALK5 binding of TGF-β leads to Smad2/3 signaling which is associated with an anabolic effect on cartilage, whereas ALK1 activation leads to Smad1/5/8 signaling associated with increased expression of MMP-13 and loss of matrix \[10\]. 2) TGF-β has been shown to exert catabolic effects following a shift in the ALK1 or ALK5 receptor expression with age and/or disease \[10\]. 3) Inhibition of Smad signaling protects against cartilage injury and osteoarthritis \[11\]. 4) Activation of TGF-β signaling in mesenchymal progenitor cells of subchondral bone also causes OA-like lesions \[11\]. 5) The circadian rhythm pathway is dysregulated in OA cartilage \[12\] and interference with circadian rhythmicity in chondrocytes affects TGF-β signaling, and cartilage homeostasis. 6) Periostin expression is lower in normal relative to OA cartilage. Only under pathological conditions is periostin expression elevated in cartilage. Periostin expression is increased during disease progression due to dysregulated TGFβ signaling, and leads to activation of AKT/ β-catenin signaling and MMP-13 expression.

\- Please indicate whether you used human chondrocytes with several passages or only freshly isolated cells.

Response: We used primary human chondrocytes at passage 1 or 2 in all our experiments. We reported this information in the Methods section of our revised manuscript (page no 6; line 18-21).

\- Please indicate in the legend of figure 3 what corresponds to A or B.

Response: We indicated panel A & B in the Figure 3 legend of our revised manuscript.

\- Page 11 first sentence: "strongly upregulated" written twice

\- Page 11, first paragraph, last sentence (and figure 3). It is necessary to explain why authors used a wnt inhibitor in this experiment. They also have to explain which Wnt inhibitor was used, at which concentration, and discuss the results (MMP13 levels completely dropped). Is this Wnt inhibitor cytotoxic at the concentration used?

Response: We used the Wnt inhibitor CCT031374 hydrobromide (cat. no. 4675/10, R&D Systems, Minneapolis, MN, USA) at 1-50 uM concentrations in our in vitro experiments. CCT031374 was not toxic in human chondrocytes, as we reported in our previous publication \[1\], where we showed that this Wnt inhibitor blocked periostin-induced MMP-13 expression and enzyme activity. In the current study we used the Wnt inhibitor (10uM) as a positive control in our experiments.

\- Page 11 and Figure 4A: authors should perform densitometric quantification of the bands from several independent experiments and calculate the mean to better analyze DDR1 phosphorylation in response to periostin.

\- Page 11 figure 4B: same remark. The authors have to perform densitometric analyses to fully convince the readers.

Response: As requested, we performed quantitation of the Western blots. We thank the reviewer for this suggestion, which we believe significantly strengthened our manuscript.

\- Page 11 and page 13: authors should explain the molecular link between Akt and b-catenin. Is this activation of b-catenin independent from the canonical Wnt signaling pathway activated by Wnt growth factors?

Response: We thank the reviewer for this comment, which gave us the opportunity to better explain the signaling mechanism activated by Postn binding to DDR1. Our data show that periostin -- DDR1 interaction results in AKT activation and increased b-catenin levels, as well as upregulation of MMP_13 expression, effects blocked by pharmacological inhibition or genetic deficiency of DDR1. We had previously reported that inhibition of b-catenin signaling abrogates periostin induction of MMP-13 expression. These findings show that periostin -- DDR1 signaling is mediated by b-catenin stabilization, and therefore by canonical Wnt signaling. We propose that activation of b-catenin/Wnt signaling is mediated by DDR1 activation of the PI3K-AKT pathway. Active AKT stabilizes b-catenin by two mechanisms, phosphorylation of b-catenin at Ser552 \[13\] and inhibition of glycogen synthase kinase-3 \[14\], which phosphorylates β-catenin causing its ubiquitination and degradation. Another potential mechanism could consist of AKT upregulation of canonical Wnt growth factors. However, we could not find any such report in the literature. We briefly discussed these points in our revised manuscript (page no: 15; line 4-11). In addition, we changed the term "Wnt signaling" into "Wnt/ β-catenin signaling" in order to avoid confusion between canonical and non-canonical Wnt signaling.

6\. PLOS authors have the option to publish the peer review history of their article (what does this mean?). If published, this will include your full peer review and any attached files. If you choose "no", your identity will remain anonymous but your review may still be made public.

Response: We agree to publish the peer review history of our article.

We hope that these responses have satisfactorily addressed the reviewers' comments, and that our revised manuscript will now be acceptable for publication in PLOS ONE. Thank you again for considering our work; we look forward to hearing from you.

Sincerely,

Mukundan Attur PhD
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Dear Dr. Attur,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Dominique Heymann, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#3: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#3: Authors have answered the main concerns in a satisfyin way (better description of the materials and methods, densitometric analysis of western blots in particular)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.
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